Aim: This study aimed to explore the potential of detecting hepatocellular carcinoma (HCC)-associated DNA markers, TP53 249T mutations and aberrant methylation of RASSF1A and GSTP1 genes, for monitoring HCC recurrence. HCC remains a leading cause of death worldwide, with one of the fastest growing incidence rates in the US. While treatment options are available and new ones emerging, there remains a poor prognosis of this disease mostly due to its late diagnosis and high recurrence rate. Although there are no specific guidelines addressing how HCC recurrence should be monitored, recurrence is usually monitored by serum-alpha fetal protein and imaging methods such as magnetic resonance imaging (MRI). However, early detection of recurrent HCC remains limited, particularly at the site of treated lesion. Methods: Here, the authors followed 10 patients that were treated for a primary HCC, and monitored for months or years later. At these follow-up visits, urine was collected and tested retrospectively for 3 DNA biomarkers that associate with HCC development. Results: This 10-patient study compared detection of urine DNA markers with MRI for monitoring HCC recurrence. Five patients were confirmed by MRI for recurrence, and all 5 had detectable DNA biomarkers up to 9 months before recurrence confirmation by MRI. Conclusion: Overall, this suggests that detection of HCC-associated DNA markers in urine could provide a promising tool to complement detection of recurrent HCC by imaging. 
INTRODUCTION
Liver cancer is the sixth most common malignant neoplasm in the world and the second leading cause of cancer death worldwide, with an estimated 782,000 new liver cancer cases and 746,000 deaths during 2012. [1] Hepatocellular carcinoma (HCC) constitutes 70-85% of all types of liver cancer. [2] The high mortality rate of HCC (where 85% of patients die within 5 years) is mainly due to late detection and a high recurrence rate. [1] [2] [3] [4] [5] Rates of recurrence range from 15% for liver transplantation to nearly 100% for surgery or ablation. [6] [7] [8] [9] [10] Recurrence is most common within 2 years. [11] Recently, a reduced recurrence rate has been reported for hepatitis B virus (HBV)-associated HCC with concomitant antiviral therapy following initial tumor ablation. [12] [13] [14] [15] [16] The high HCC recurrence rate can be attributed to (1) incomplete treatment; (2) micro-metastases within the liver; and (3) de novo lesions. [4, 17] With improved assay, combination of alpha fetal protein (AFP), lens culinaris agglutinin-reactive alpha-fetoprotein (AFP-L3%) and des-gammacarboxyprothrombin (DCP) has been claimed sensitive for HCC surveillance. [18, 19] Nonetheless, early detection of recurrent HCC has been difficult with the currently available diagnostic methods and serial imaging. [7] [8] [9] [20] [21] [22] Notably, there are no specific guidelines addressing how HCC recurrence should be monitored. Magnetic resonance imaging (MRI)/computed tomography (CT) imaging is the gold standard for diagnosis, although it is expensive and has limited utility in the detection of small tumors (< 2 cm), tumors in the presence of previously treated lesions (especially from local ablation), cirrhosis, obesity, and dysplastic nodules. [8, 9, 20] Thus, there is an urgent unmet medical need to have a sensitive test for monitoring HCC recurrence.
Cancer is a disease of the genome and epigenome, and detection of the underlying genetic mutations and epigenetic modifications in the periphery may allow us to detect cancer early. [23, 24] Previously, Su et al. [25] [26] [27] [28] [29] demonstrated that fragmented cell-free DNA in urine contains DNA derived from the solid tumors including HCC and colon cancer, if such a tumor is present. They also demonstrated that cancer-related DNA (both mutated and methylated DNA), including HCC-derived DNA modifications, could be detected in the urine of patients with cancer. [27, [29] [30] [31] In this study, we demonstrate the feasibility of early detection of recurrent HCC by detecting three known HCC associated DNA modifications: TP53 249T mutation (shortened TP53m), and aberrant promoter methylation of Glutathione S-transferase pi 1 (mGSTP1) and Ras association domain family 1 isoform A (mRASSF1A) genes in urine as compared to the MRI imaging in a small (n = 10) blinded prospective study. These three DNA markers were chosen because of the availability of sensitive, cell-free DNA suitable PCR assays that target frequently altered genes in major pathways associated with hepatocarcinogenesis. They were previously demonstrated to be detectable in body fluids such as blood and urine of patients with HCC, regardless the level of serum AFP. [29, 30, 32, 33] They therefore serve as potential biomarkers for HCC.
METHODS

Patient selection
To explore the potential of the three HCC markers for monitoring HCC recurrence in urine, 10 HCC patients with a history of HBV infection were studied at the Liver Disease Prevention Center, Division of Gastroenterology and Hepatology, Thomas Jefferson University Hospital, Philadelphia. After curative tumor ablation, patients were monitored for recurrence by MRI and serum AFP. Urine specimens were prospectively obtained when available. The urine was retrospectively examined for the presence of the three HCC DNA biomarkers. All patient samples were obtained with written informed consent and under institutional board approval from Thomas Jefferson University Hospital, Philadelphia, PA.
Urine DNA analysis
Urine collection, storage, and DNA isolation were carried out with written informed consent from patients as described previously. [34, 35] DNA from specimens was isolated and fractionated to obtain low molecular weight (LMW) urine DNA (< 1 kb size). Bisulfite (BS) treatment of DNA was performed using the EZ DNA MethylationLightning™ Kit (Zymo Research, Irvine, CA) following manufacturer's guidelines. Three DNA modifications, TP53 249T mutation (TP53m), aberrant promoter methylation of GSTP1 (mGSTP1), and aberrant promoter methylation of RASSF1A (mRASSF1A), were quantified in duplicate using assays kits, TP53 249T qPCR kit, mGSTP1 qPCR kit, and mRASSF1A qPCR kit (JBS Science Inc., Doylestown, PA), as per manufacturer specification.
RESULTS
To compare the detection of urine DNA markers to the currently available diagnostic methods (serum AFP and MRI imaging) for the diagnosis of HCC recurrence, urine DNA marker values were measured in a blinded fashion and plotted alongside serum AFP at the time of each collection (as shown in Figure 1 and described in "METHODS"). Briefly, urine samples were collected prospectively from HCC patients (when available) after curative treatment at follow-up visits. The samples were retrospectively analyzed for the HCC DNA biomarkers. For data analysis purposes, we plotted "positive (Pos)" as the time of confirmed recurrence by MRI, and "negative (Neg)" when MRI did not detect recurrence. Of the 10 patients with > 6 months of monitoring with urine DNA markers, cases 1-5 had recurrence of HCC confirmed by MRI.
Recurrent patients had one or more of the three DNA markers examined found in urine before or at the time of MRI diagnosis. One recurrent case (case 5) died of progressive HCC. Case 6 was lost for follow-up during the period of the study. Four patients (cases 7-10) had no recurrence confirmed by MRI. Their urine DNA Figure 1 : DNA biomarkers levels in serial urine samples from 10 patients. All patients were being monitored for HCC recurrence by MRI and serum AFP. The urine samples were collected prospectively from HCC patients (when available) after curative treatment (indicated by arrows) and at follow-up visits. Samples were retrospectively measured for HCC DNA biomarkers in a blinded fashion, with a follow-up MRI diagnosis of whether or not recurrence was detected. Three DNA biomarker values (copies/mL urine), TP53 249T mutation (TP53m), methylated RASSF1A (mRASSF1A) and methylated GSTP1 (mGSTP1), along with serum AFP (ng/mL serum), were plotted at office visits until the last available visit in which an MRI was performed. The "Pos" represents detection of HCC recurrence by MRI and the "Neg" represents no recurrence was detected by MRI at the time of the visit. HCC: hepatocellular carcinoma; MRI: magnetic resonance imaging; AFP: alpha fetal protein markers were either not detected (case 7), fluctuated (case 8), or detected at low levels (cases 9 and 10).
Case 1
A 68-year-old male underwent transarterial chemoembolization (TACE) for HCC. Six years later, he showed tumor recurrence (Pos) by MRI. Urine specimens were obtained at 6 and 3 months prior to the MRI confirmation of recurrence (indicated as -6, -3 on the X-axis, Figure 1A ). In the urine specimens, TP53m and mRASSF1A markers were detected at 6 months prior and increased at 3 months before MRI detection of recurrence. Unfortunately urine is missing at the time of MRI imaging. His serum AFP levels remained at 2 ng/mL throughout the study, indicating the tumor was AFP-negative. [36] He later received liver transplant.
Case 2
A 73-year-old male underwent TACE for HCC. Urine samples were collected after the treatment and during the follow-up period of 12 months when the tumor recurred [ Figure 1B ]. Three months after the initial TACE treatment (indicated by a black arrow on the X-axis), TP53m and mRASSF1A levels were elevated while serum AFP had returned to a baseline level of 5.3 ng/mL from 88.9 ng/mL at the time of TACE treatment. These two urine DNA markers dropped to baseline on the next visit 3 months later. The TP53m and serum AFP levels rose again about 3 months prior to the detection of recurrence by MRI. At the time of detection of the second recurrence (marked "Pos"), both TP53m and mRASSF1A levels were elevated. Serum AFP level was at 36.4 ng/mL, indicating a rise from the baseline. Two months after the second treatment, serum AFP, TP53 and mRASSF1A all decreased. The patient did not return after this visit.
Case 3
A 55-year-old male with a 4-cm HCC received TACE. The tumor recurred 5 years later, which was treated with microwave ablation (indicated by the black arrow on the X-axis; Figure 1C ). The tumor recurred again during a follow up appointment 3 months later (marked "Pos"; Figure 1C ). Urine DNA markers at two visits prior to the first recurrence were below the level of detection. However, mGSTP1 was elevated 1 month after microwave treatment. Interestingly, when the tumor recurred for a second time (1.6 cm) 3 months after treatment, the mGSTP1 was undetectable while TP53m was elevated. This may indicate the heterogeneity of HCC. Note, the serum AFP levels were below 20 ng/mL in the period of study.
Case 4
A 54-year-old male diagnosed with HCC and elevated AFP. Urine was collected at the time of diagnosis and treatment with microwave ablation [ Figure 1D ]. The DNA marker mGSTP1 was highly elevated in urine at the time of HCC diagnosis. Two months after treatment, both urine mGSTP1 and serum AFP levels decreased to the normal range while urine mRASSF1A was elevated. At the next visit 3 months later, mRASSF1A decreased but remained detectable while the two other DNA markers, TP53m and mGSTP1 increased. Four months later, an MRI detected a recurrent tumor (solid lesion). Unfortunately, the urine was not collected at "-2" and at the time of diagnosis "Pos", hence there is no marker data available at these time points.
Case 5
A 56-year-old male underwent TACE for HCC. Urine was collected on the day of treatment and at a followup visit 1 month later [ Figure 1E ]. The mRASSF1A marker was detected in the urine on the day of TACE treatment, and the levels of mRASSF1A in the urine dropped one month following treatment. Similarly, serum AFP levels decreased nearly 10-fold from 3,770 ng/mL to 323 ng/mL. However, MRI 4 months later detected HCC recurrence and increased levels of serum AFP (1,522 ng/mL). No urine samples were collected at this time point or later. Despite receiving another TACE treatment, the patient passed away 8 months later.
Case 6
A 56-year-old male with HCC underwent TACE. Urine samples were collected at 3 and 4 years after TACE. mRASSF1A was found elevated at 3 years and negative at 4 years post TACE. The patient has had no recurrence [ Figure 1F ]. AFP was in normal range. The patient was lost for follow up.
Case 7
A 58-year-old male with HCC received TACE followed by radiofrequency ablation (RFA). Urine collection started 1 year after RFA. No biomarkers were detected 2 years post RFA, as the patient remained recurrence free [ Figure 1G ].
Case 8
A 62-year-old male with HCC received RFA. Urine samples were collected on the day of treatment and every three months after for 9 months [ Figure 1H ]. Serum AFP, TP53 mutation, and mRASSF1A levels were all elevated on the day of RFA, and decreased 3 and 6 months following the treatment to below the limit of detection. There has been no recurrence by MRI.
Case 9
A 27-year-old female was diagnosed with HCC at age 20 and the original tumor was treated 3 times with TACE in a 3-year period. Urine was collected every 6 months starting 4 years after the last TACE. TP53m mutation was detected in the urine collected on the second visit and decreased, but remained detectable in the third urine sample as indicated in Figure 1I . MRI suggested a mass in the liver, but the mass was not confirmed as recurrent HCC. The serum AFP levels were below 20 ng/mL in the period of study. The patient has been on antiviral treatment since the diagnosis of HCC.
Case 10
A 66-year-old male with HCC underwent RFA followed by resection. He has had no recurrence for the past 10 years. Two urine samples were collected at 8 years (-18) and 9 years (-6) after resection [ Figure 1J ]. Serum AFP is normal, and none of the DNA markers were detected until 6 months prior to the MRI, when the TP53m and mRASSF1A markers were elevated [ Figure 1J ]. TP53m reverted to baseline and mRASSF1A levels declined 3 months later (-3). At the time of MRI testing, there was no HCC recurrence detected from the visit.
DISCUSSION
This study demonstrates the potential applicability of using urine DNA markers in combination with serum AFP for the early detection of HCC recurrence in a small 10-case study. HCC recurrence is known to be the major factor for poor prognosis. In this small 10-case study, MRI identified recurrence in 5 out of 10 patients (cases 1-5). Encouragingly, for all 4 recurrent patients that remain in the study (cases 1-4), urine DNA markers were found to be elevated in urine samples as early as 9 months before MRI confirmation.
Although this is a small longitudinal 10 patient study, the potential of these urine DNA markers for management of HCC recurrence and important characteristics of HCC recurrence is demonstrated. First, for all remaining recurrent cases (cases 1-4), DNA markers were elevated before or at the time of diagnosis by MRI imaging. MRI/CT imaging is the gold standard for diagnosis of recurrent HCC, but has difficulty in detecting early recurrence in the previously treated areas (especially after local ablation). This may explain why the DNA markers were found in urine earlier than MRI diagnosis. Secondly, HCC, like other cancers, is a disease of the genome. Detection of genetic drivers of HCC may provide not only sensitive and earlier detection for monitoring HCC recurrence, but may also provide HCC genetic information to assist in patient management. Furthermore, since collection of urine can potentially be done at home and then shipped to certified laboratories for testing, the urine screening may result in better compliance while not requiring a doctor's office visit. A larger longitudinal study will be needed to explore the application of urine DNA markers in monitoring HCC recurrence. Lastly, the levels of DNA biomarkers in urine may also be useful to measure effectiveness of cancer treatments that induces apoptosis of tumor cells. We have shown that circulating tumor DNA found in urine was mostly from apoptotic tumor cells. [28, 34] The treatment that induce apoptosis should increase the amount of tumor derived DNA deposited in the blood and secreted into urine. This could be the circumstance for cases 2, 3 and 4 where an elevated mRASSF1A or mGSTP1 marker was detected after the treatment, suggesting the potential to use urine DNA markers to monitor effectiveness of therapy that induces tumor cell apoptosis.
Finally, HCC is often recognized as being multi-clonal. Interestingly, in recurrent case 3, mGSTP1 levels returned to not detectable in urine while TP53m was elevated in the urine collected 3 months later with the MRI report of a 1.6-cm lesion. We speculate that the rising of the TP53 mutated clone was different from the previously treated tumor nodule and was either not responding to the treatment or was derived from tumor evolution. Furthermore, it is possible that apoptosis of a small tumor nodule through immune system targeting could lead to a temporary rise in DNA markers associating with that tumor. For example, for case 6 the mRASSF1A was found elevated at 3 years and negative at 4 years post TACE, where recurrence was not detected.
It is important to note that the levels of urine DNA markers can fluctuate for several reasons including hydration of the patient at time of collection (which can result in diluted DNA in the urine). Therefore, the use of an internal control is important for appropriately setting cutoffs for the urine marker values. While urine protein creatinine is the most used internal control for urine concentration, our pilot study has suggested the concentration of LMW cell-free DNA in urine does not correlate with urine creatinine. Further studies are needed to identify a proper internal control for this work, which is currently in progress.
In conclusion, we have demonstrated that urine DNA biomarker testing may have potential for the early detection of HCC recurrence. A larger longitudinal study design to collect well-annotated serial patient samples is in progress, specifically to monitor for HCC recurrence, to test whether this urine DNA test can overcome the inherent limitations of imaging technology, and to provide a highly sensitive tool for monitoring HCC recurrence.
